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Introduction
Dispersive liquid-liquid micro-extraction (DLLME) has been stablished as a fast and green sample preparation methodology to separate and preconcentrate analytes from samples with complex matrices [1] . Though most of the analytical applications reported in the literature have been focused on organic analytes, DLLME has also been employed for metal and non-metal analysis by means of spectroscopic techniques [2] . In these cases, detection is usually accomplished by means atomic absorption spectrometry (AAS) due to the robustness of the atomization sources (i.e. flame or furnace) and to the reasonably good analytical figures of merit [3, 4] . Among the AAS techniques, electrothermal atomic absorption spectrometry (ETAAS) is often preferred because of the limited sample volume available after DLLME procedures. Nevertheless, its low sample throughput limits the application of the technique.
Inductively coupled plasma (ICP)-based techniques (i.e., ICP-atomic emission, ICP-AES, and ICP-mass spectrometry, ICP-MS) have a greater analytical potential than AAS techniques. ICP-based techniques allow simultaneous multielement analysis, thus increasing sample throughput with minimum sample and reagent consumption as well as waste generation. However, due to the limited volume available after the microextraction procedure and low plasma tolerance to the organic solvents usually employed for analyte extraction [2, 5] , DLLME is not usually employed coupled to ICP-based techniques [6, 7] . Thus, high volatile solvents (such as carbon tetrachloride, chloroform, etc.) have a deleterious effect on plasma conditions that negatively affects analytical figures of merit and could even lead to plasma extinction. Also, high viscous solvents (e.g. 1-undecanol or ionic liquids), cause additional problems arising from a poor nebulization efficiency and strong memory effects. To address these shortcomings, several strategies have been suggested in the literature: (i) solvent evaporation and subsequent acid reconstitution before the analysis [8, 9] ; (ii) water back-extraction [10, 11] ; (iii) dilution with an appropriate solvent [12] [13] [14] [15] ; and (vi) the use of alternative sample introduction systems such as flow injection analysis (FIA) [16] , electrothermal vaporization [17] or laser ablation [18] . Nevertheless, despite the above-mentioned approaches make feasible DLLME coupling to ICP-based techniques, some severe drawbacks still remain.
In fact, the main inherent benefits of DLLME (e.g. simplicity, high sample throughput, etc.) are mostly counterbalanced due to the additional steps required to perform the analysis. Moreover, some approaches may require complex modifications in the ICP configuration that are not always available in most of the analytical laboratories.
From the above-mentioned considerations, it can be derived that DLLME-ICPbased techniques is a rather complex coupling and, hence, usually discarded from a practical point of view. However, a comprehensive review of the works reported in this field reveals that most of the previous studies have been mainly focused on the optimization of the extraction procedure. Nevertheless, no studies including the optimization of the experimental and instrumental conditions of the plasma source have been performed up to date. This is a very surprisingly fact taking into account the strong influence of the ICP parameters (e.g. plasma power, sample uptake rate, nebulizer gas flow rate, etc.) and the sample introduction system on the analytical figures of merit [5, 19, 20] . In our opinion, to couple DLLME-ICP-based techniques, the optimization of the full variables (experimental and instrumental) of both DLLME and ICP is mandatory. The extensive number of applications based on the use of plasmabased techniques for elemental analysis in organic matrices [19] justify the interest of this coupling.
The goal of this work is to explore and evaluate different analytical approaches for coupling DLLME to ICP-AES. To this end, several organic solvents usually employed in DLLME procedures and covering different range of the main physical properties affecting the signal response in ICP-AES (i.e., viscosity and volatility) have been selected: 1-undecanol, 1-butyl-3-methyl-imidazolium hexafluorophosphate and chloroform. These solvents have been introduced (either directly or after a dilution step with alcohol or acid solutions) into the plasma source by means of a flow injection device. Main ICP-AES experimental variables (plasma r.f. power, nebulizer gas flow rate and carrier flow rate) have been also optimized to make feasible the analysis of these organic solvents by ICP-AES and to achieve the best analytical figures of merit. Finally, the proposed DLLME-ICP-AES approaches have been compared and evaluated by analyzing several water samples (i.e. marine, tap and river).
Experimental

Chemicals
Organic solvents (i.e., 1-undecanol, chloroform, 1-butyl-3-methylimidazolium hexafluorophosphate, acetone, methanol, absolute ethanol and 1-propanol) and chelating agents (i. 
Solutions
Three different extractant solvents, namely: (i) 1-undecanol; (ii) 1-butyl-3-methyl-imidazolium hexafluorophosphate (BmimPF 6 ); and (iii) chloroform, have been evaluated. These solvents were selected, among the most common extractants in DLLME, to face most of the main problems arising from DLLME-ICP-AES coupling (e.g. solvent viscosity and volatility) (see Table 1 ) [21] [22] [23] .
When operating with viscous solvents (1-undecanol or BmimPF 6 ), a dilution step prior to the analysis by ICP-AES was mandatory. Thus, 1-undecanol was diluted in different alcohols, namely, methanol, ethanol and 1-propanol. This approach was also employed for BmimPF 6 but, in this case, 36% w w -1
hydrochloric acid solution was additionally tested as a dilution solvent. Physical properties of the different dilution solvents employed for 1-undecanol and BmimPF 6 are also gathered in Table 1 . Dilution ratios ranging from 1:0. 
Instrumentation
ICP-AES measurements were performed using an Agilent 720 ICP-AES (Agilent, Santa Clara, USA) with axial viewing using the operating conditions reported in Table 2 . Different sample introduction systems were tested depending on the characteristics of the extractant solvent used. Thus, when operating with both 1-undecanol and chloroform, a standard sample introduction system made of a concentric pneumatic nebulizer (Seaspray, Glass Expansion, Australia) and a cyclonic spray chamber (Cinnabar, Glass Expansion, Australia) was used. Table S1 (appendix).
Samples
Three water samples covering a wide range of matrix characteristics were tested: (i) tap water (University of Alicante); (ii) river water (Vinalopó river, N 38º28´15.0096", W 0º48'15.0336"); and (iii) marine water (Mediterranean Sea, N 38º22´31.7424", W 0º24'32.5224"). All samples were collected in polyethylene terephthalate bottles and, after a filtration step with a 0.45 µm syringe filter, acidified and stored at 4ºC until the analysis.
DLLME procedures
Three DLLME procedures for water analysis were employed to evaluate the different coupling strategies developed in the present work. Next, these methodologies are briefly described.
1-undecanol-based extraction
Metal extraction with 1-undecanol was carried out using the DLLME procedure 
Chloroform-based extraction
In this procedure, based on that previously described by Hemmatkhah et al.
[25], 5 mL of water containing 3.5% w w -1 NaCl and 0.010 g DDTC were placed in a 10 mL screw cap glass tube with conical bottom. The solution pH was adjusted to 6.0 with an acetic acid/acetate buffer solution. Next, 100 mg of chloroform were dissolved in 400 µL of ethanol and the mixture was injected into the glass tube containing the sample. A cloudy solution is formed and, after centrifugation (4000 rpm, 2 minutes), chloroform was sedimented at the bottom of the conical test tube. Chloroform was then transferred into an Eppendorf tube and directly analyzed by ICP-AES. , see Table 1 ). As a consequence, this solvent cannot be properly displaced by the peristaltic pump, thus giving rise to poor signal reproducibility and high wash-out times. In addition, when operating with pneumatic nebulizers, high viscosity solvents generate coarser aerosols than the low viscous ones thus negatively affecting the aerosol transport into the plasma and, then, the analytical signal [5, 26] . To solve these problems and make feasible the introduction of 1-undecanol solutions in ICP-AES, several strategies were evaluated. First, since solvent viscosity decreases with temperature, 1-undecanol was heated (from 40-70ºC) before being injected into the FIA system. Though sample pumping improved increasing the temperature, memory effects were still significant. Alternatively, PTFE tubing from the peristaltic pump to the nebulizer was also heated but no improvement was Emission signals obtained for the methanol mixture were about 15% higher, on average, than those obtained with ethanol or 1-propanol. This behavior was the expected considering the highest volatility of methanol ( [10] . Despite its potential interferences [29] , acids are preferred over organic solvents in ICP-AES since they can be directly introduced into the plasma avoiding the use of complex instrumental arrangements (e.g. oxygen addition, desolvation, etc.) [19, 27] . Nevertheless, no study reporting the use of acids as carrier solutions have been found for the analysis of DLLME extracts by ICP-AES. In the present work, 1% w w -1 nitric acid and 1% w w -1 hydrochloric acid solutions were tested as carriers instead of organic solvents for the first time. Results demonstrated that acid solutions can be successfully used to introduce 1-undecanol/alcohol mixtures into the plasma with high reproducibility and no memory effect. No differences between the signals afforded with both acids were registered.
Results
Coupling 1-undecanol-based DLLME procedures to ICP-AES
Strategies for 1-undecanol introduction into the ICP
Optimization of ICP-AES experimental conditions
Analytical figures of merit in ICP-based techniques strongly depend on plasma experimental conditions. For this reason, the influence of the nebulizer gas (Q g ) and carrier flow rate (Q l ) on analyte signal was carried out. Plasma r.f. power was kept closed to maximum nominal value available with the instrument (1400 W) to favor analyte atomization and ionization. of aerosol generation and transport [26] and plasma characteristics [27] . Thus, the Mg II/Mg I ratios measured at 0.6 and 1.5 mL min -1 were of 6.0 and 5.0, respectively.
Coupling BminPF 6 -based DLLME procedures to ICP-AES
Strategies for BminPF 6 introduction into the ICP
When operating with BmimPF 6 , similar (or even worse) experimental drawbacks than those described for 1-undecanol are observed. In fact, the viscosity of BmimPF 6 is higher (about 22-fold higher) than that of 1-undecanol (Table 1) .
Therefore, a dilution step with an appropriate solvent previous to the BmimPF 6 solutions into the plasma is also mandatory. ), a single phase was obtained after 4-5 hours at room temperature. Interestingly, the mixture viscosity was clearly lower than that of the pure BmimPF 6 . Several experimental evidences suggest that the structure of the ionic liquid is modified in the presence of hydrochloric acid. The ionic liquid/acid mixture has a brownish color similar to that of the hexafluorophosphoric acid solutions [30] . This compound is not stable in aqueous media and it is found in equilibrium with phosphoric acid, phosphoric conjugate forms and hydrofluoric acid [31] . Thus, assuming the formation of hexafluorophosphoric acid from the reaction between BmimPF 6 and hydrochloric acid, hydrofluoric acid must be formed. This hypothesis was clearly confirmed after checking a glass surface that was in contact with a 1:1 Figure S1 , Appendix). Plasma robustness was examined for the different BmimPF 6 mixtures but no significant differences in the Mg II/Mg I intensity ratio were observed. In fact, the value obtained for this parameter was similar to that found when operating with water (and, hence, 1-undecanol:alcohol mixtures). Considering the above-discussed results, it seems to be clear that the use of hydrochloric acid for BmimPF 6 dilution does not afford any advantage against the use of alcohols. Moreover, the standard glass-made sample introduction system could be used instead of the PTFE since no HF is formed when diluting BminPF 6 with alcohols.
As regards the nature of the carrier solutions, similar to that observed with 1-undecanol, nitric acid and hydrochloric acid solutions can be employed as carriers for BmimPF 6 analysis. The use of inorganic acid solutions as carrier is clearly simpler and less prone to interferences than that previously proposed by Ranjbar et al. [16] for metal analysis with 1-hexyl-3-methyl imidazolium bis(trifluoromethylsulfonyl)imide (i.e. 80% v v-1 1-propanol solution). In fact, no significant memory effects were registered for the different diluted BmimPF 6 mixtures operating the acid carriers. Analyte wash out was similar to that obtained with 1-undecanol (25-30 s)
Optimization of ICP-AES experimental conditions
The influence of ICP experimental conditions (Q g and Q l ) on the analyte signal (and plasma properties) obtained when operating with BmimPF 6 were analogous to those already shown for 1-undecanol (Fig. 2) . Thus, despite of the use of a different sample introduction system, the optimum Q g for BmimPF 6 was also found at 0.7 L min . This behavior can be attributed to the higher viscosity of BmimPF 6 mixtures regarding to 1-undecanol ones.
Coupling chloroform-based DLLME procedures to ICP-AES
Strategies for chloroform introduction into the ICP
Opposite to that occurring with 1-undecanol and BmimPF 6 , the low viscosity of chloroform permits it to generate pneumatic aerosols with no additional dilution treatment. Nevertheless, the direct analysis of chloroform DLLME extracts by ICP-AES has been previously avoided in the literature due to the undesirable effects caused by this solvent in ICP-AES (mainly signal instability and negative effects on the plasma excitation characteristics) [16] . Instead, additional pretreatments to remove chloroform have been recommended before metal analysis by ICP (e.g. back extraction, evaporation, etc.) [8] [9] [10] 15] . In this work, however, it was noted that chloroform could be directly introduced in the ICP with the FIA manifold. The volume of chloroform introduced into the instrument (25 µL) was low enough to avoid carbon deposits and plasma shutdown.
Nevertheless, it is important to note that plasma appearance was affected by the high solvent load consequence of the high chloroform volatility (e.g. green light emission from the C 2 band in the aerosol channel) [5] . With the goal of improving the analytical response, some minor changes were performed on the ICP-AES operating conditions employed with viscous solvents [19] . First, auxiliary gas flow was increased from 1.25 to 2.25 L min -1 thus improving plasma tolerance to organics [5] . On the other hand, Q l higher than 1.0 mL min -1 were not employed to avoid plasma flickering. Operating on this way, there is not any experimental limitation to operate chloroform directly in ICP-AES thus taking advantage all the benefits of DLLME (e.g. sample throughput, simplicity, analyte enrichment factors, etc.).
Optimization of ICP-AES experimental conditions
In line with the strategy used with the viscous solvent, either 1% w w -1 nitric and hydrochloric acids were employed as carriers for chloroform. In addition, air was also tested since it could be advantageous for volatile solvent introduction into the ICP [32, 33] . Figure 4 shows the results obtained for Cd II 214.439 nm integrated emission signal using chloroform and both 1% w w -1 nitric acid and air as FIA carriers. Results for 1% w w -1 hydrochloric acid are not shown since they were similar to those obtained with the nitric acid solution. From results in Fig.4 it can be derived that emission signal strongly depends on the carrier employed. Thus, when operating air as carrier, Cd signals (Figure 4 .B) were higher than those obtained for 1 % w w -1 HNO 3 (Figure 4.A) , regardless the Q l tested. These findings could be explained considering that when using air: (i) the analyte is not dispersed in the liquid stream, (ii) the spray chamber is kept dry between injection which in turns favor solvent evaporation and aerosol transport to the plasma; and (iii) analyte losses due to coalescence and aerosol turbulence are reduced. Nevertheless, from a practical point of view, the benefits of using air as a carrier were counterbalanced by the higher memory effects due to the lack of a solution to wash-out the system between samples during the analysis [32] . Fig.4 also shown that, in general, irrespective of the carrier used, the optimum Qg for Cd signal was also found at 0.7 L min-1 but this optimum value was more diffuse than that observed with viscous solvents (Fig.3) . In fact, as it can be seen in Fig.4 , a signal plateau was obtained between 0.6 and 0.7 L min-1 for some Ql values, especially when operating with air carrier. Finally, as expected, signal improved when decreasing Ql due to a better aerosol generation and transport and plasma characteristics [27] . It is interesting to note that differences between both carriers were reduced when decreasing Ql [33] . Thus, when Ql is decreased from 1.0 to 0.4 mL min-1, analyte signal ratio between air and nitric acid passed from 1.84 to 1.17-fold. To explain this behavior, it must be considered that liquid evaporation is favored at low Ql values, thus improving analyte transport (i.e. less aerosol losses) and, hence, differences between air and liquid carriers are reduced. Though the use of air as a carrier afforded higher signals than the acid solutions, this approach was unattractive from a practical point of view due to memory effects. Opposite to that observed when operating viscous solvents, and despite the experimental changes made on the ICP setup, plasma characteristics were strongly deteriorated by the presence of chloroform. Thus, for a given set of experimental conditions, the MgII/MgI ratio was half of that obtained with water, 1-undecanol or BmimPF 6 .
Analysis of real samples
The multi-element analysis (i.e., Al, Cd, Cr, Cu, Fe, Mn, Ni, Pb and Zn) of different water samples was performed to validate the strategies developed for coupling DLLME to ICP-AES. To this end, previously described DLLME procedures for 1-undecanol [12], BmimPF 6 [24] and chloroform [25] were employed for metal extraction in waters. Next, each organic extract was analyzed by ICP-AES under the optimum conditions obtained for each solvent (Table 3) . Q l was set at 0.4 mL min -1 for all the solvents tested to favor aerosol generation and plasma characteristics. Though better results are theoretically expected decreasing further this parameter, nebulization process becomes less stable [20] thus distorting the emission signal profile and reducing signal precision. Moreover, higher wash-out times were required compromising sample throughput.
Preliminary experiments showed that analyte extraction efficiency was strongly dependent on the water salt content and, hence, some changes in the extraction procedures were required. To study the influence of water salts (ionic strength) on analyte extraction for each DLLME procedure, 100 µg L -1 analyte standard solution containing variable amounts of NaCl from 0.1 to 7.5 % w w -1
were used. Results shown that each DLLME methodology is differently affected by NaCl. Thus, analyte extraction efficiency for the 1-undecanol-based DLLME procedure decreased with NaCl concentration. On the other hand, extraction efficiency showed a maximum at 3.5 % w w -1 NaCl when operating with chloroform. Interestingly, no influence of NaCl concentration on the analyte extraction efficiency was observed when using BmimPF 6 . These results suggest that NaCl content (i.e. solution ionic strength) exerts a great influence on metal extraction since it affects both the solubility of the metal-chelate complex in the sample as well as the miscibility between the organics and water. From these experiments, it was clear the significance of controlling salt content to avoid interferences. Taking into account these findings, both standards and samples were spiked with NaCl 3.5% w w -1 for all the DLLME procedures to perform calibration using a single set of standards.
First, a recovery test was performed to evaluate the accuracy. To this end, all the samples were spiked with a multi-element standard solution for a final concentration of 100 µg L -1 and, then, they were analyzed by ICP-AES after the appropriate DLLME treatment. Results obtained are shown in Table 4 . As it can be observed, recoveries for all the elements with 1-undecanol and chloroform were almost quantitative (i.e., recoveries ranging from 96 to 109%). However, analyte recoveries for BmimPF 6 were only quantitative for Pb. It must be considered that the BmimPF 6 -based DLLME procedure used in the present work was initially developed for Pb determination and, hence, results for this element were totally expected. The origin of the poor recoveries for the remaining elements could be partially related to pH influence on APDC chelating capabilities [34] . This topic, however, was not further investigated since it was beyond the scope of this work. Table 5 shows the results of the elemental analysis of water samples obtained using the 1-undecanol and chloroform-based DLLME procedures. ). In fact, none of the methodologies tested could detect Pb as well as Cd and Cr due to their low concentration levels in the samples analyzed. In general, results for the elemental analysis using DLLME procedures agree with those obtained using a direct analysis procedure. Nevertheless, the use of DLLME methodologies allowed the analysis of a higher number of elements (e.g. Al, Fe, etc.) in water samples due to their lower limits of detection (Table   6 ). In comparison with a direct water analysis, DLLME methodologies afford, on average, a LoD improvement of 8 and 13-fold when operating with 1-undecanol and chloroform, respectively. These results confirm the usefulness of the coupling strategies evaluated for the analysis of DLLME extracts by ICP-AES. It is important to remark that the improvement in the analytical figures of merit reported for DLLME-ICP-AES was related to two different factors: (i) the preconcentrating process itself; and, (ii) the higher analyte transport efficiency afforded when using organic solvents in ICP-AES. To evaluate the contribution of aerosol generation and transport with organics on the analytical figures of merit (sensitivity and LoD), the corresponding calibration curve for organics and water were compared (Table S2 , Appendix). The use of 1-undecanol and BmimPF 6 improved sensitivity and LoD 2.2-fold on average for the different elements tested. LoD improvement for chloroform was also similar (2.8-fold) but less than expected according to signal enhancement factors (6.5-fold on average) due to high blank signals originated by the chloroform impurities.
Therefore, a higher improvement in LoDs for chloroform is still feasible improving reagent quality. Nonetheless, different commercial chloroform providers were tested but similar backgrounds were observed in all cases.
Conclusions
Results in this work clearly demonstrate that there is not any limitation for coupling DLLME to ICP-AES when experimental conditions are wisely selected.
In fact, despite the different physical properties shown by the organic solvents usually employed in DLLME, a single set of experimental conditions can be employed for metal analysis. In addition, it should be taking into account that analytical figures of merit in ICP-AES are not only improved by the DLLME treatment process but also to aerosol generation and transport afforded by the organics regarding to water. When compared to FAAS and ETAAS detection, the use of ICP-AES makes feasible the simultaneous analysis of different metals thus improving sample throughput. In addition, internal standardization calibration could be implemented to improve accuracy and precision as well as to mitigate potential matrix effected derived by the organics in the plasma.
It is expected that the strategies developed in this work could also be applied for ICP-MS. Nonetheless, special attention should be paid in this case to the spectral and non-spectral interferences due to carbon since ICP-MS is more sensitive to matrix effects. In fact, the use of organics could be beneficial to further improve the analytical figures of merit since the ionization of some hardto-ionize elements (e.g. As, Se, etc.) is improved by carbon presence in the plasma [35] . These experiments are currently being carried out in our laboratories. 
